Introduction
Impact-induced volatile release during planetary accretion may have played an important role in planetary development and in atmospheric and oceanic formation [l, 2, 3, 4) . Previous experimental results indicate that the minerals serpentine and calcite begin to devolatilize (i.e., lose H 2 O and CO 2) respectively) upon impact at initial shock pressures of 10 to 15 GPa and completely devolatilize at shock pressures of 30 to 40 GPa [5, 6, 7] . Assuming homogeneous accretion and symmetric impact, infalling planetesimals could have achieved impact velocities sufficient to generate shock pressures of these magnitudes when the Earth's radius was about 10 to 15% and 25 to 35%, respectively, of its present value. Thus, extrapolation from single-mineral results suggests that impact-induced devolatilization would have been a major feature of planetary accretion throughout most of the growth period of an Earth-sized planet.
We report here results of shock recovery experiments on Murchison carbonaceous chondrite (C2M) performed to determine the conditions for loss of H 2 O and other volatiles upon impact from material more representative of an accreting planetesimal than single minerals. One reasonable form in which the volatiles of the terrestrial planets may have arrived is in a mineral assemblage similar to that found in carbonaceous chondrites.
It is important to study this material directly because shock propagation, and hence shock-induced devolatilization, in a heterogeneous medium is complicated by local variations in mechanical properties that can lead to localized heating, chemical reaction, and other types of anomalous behavior. Furthermore, the phyllosilicates that comprise the bulk of the matrix of Murchison include a significant proportion of Fe-rich material [8] , whereas the serpentine shock recovery work performed to date is confined to the Mg end members antigorite and lizardite [5, 7, 9) . Volatile-containing minerals present in Murchison are listed in Table 1 .
Experimental
The experimental procedure used was similar to that employed in previous solid recovery shock-induced devolatilization studies [5] . Murchison samples (discs 4.4 mm in diameter, 0.5 mm thick) were polished until the surfaces were flat and held in vented target assemblies that exposed the samples to the ambient atmosphere during the impact. The assemblies and flyer plates were made of stainless steel, type 304. The experiments were performed on the 20mm propellant gun at the California Institute of Technology. Sample shock pressure was calculated using a one-dimensional impedance match method [10] . The Murchison Hugoniot was assumed to be the same as that deter- In the recovery assembly, the sample is sandwiched between two steel surfaces.
During the shock event the sample is shocked first to a pressure-density point on the sample Hugoniot, but subsequent reverberations bring the sample to a higher pressure state with a density greater than that of the Hugoniot (see [12] , for a description of reverberations in shock recovery experiments). In this work we report both the initial (Hugoniot) shock pressure P i( and the peak reverberated pressure P p for each shot. In applying the results to models of planetary accretion, we use a formulation for devolatilization as a function of Pj (as opposed to P p ). This is because current theoretical models of the impact-induced devolatilization process are generally based on shock entropy calculations [3, 13, 14] , and because after the initial shock, the reverberations are nearly isentropic. Thus, the entire entropy increase of a sample during a shock recovery experiment occurs during the first shock. Previous shock recovery experiments have often been reported in terms of P p [6, 15, 16] . Data used from previous studies have been -4- corrected to indicate Pj (see discussion).
After the shock experiment, the impacted sample was recovered from the target assembly and analyzed for H 2 Results and Discussion Unshocked Murchison meteorite loses mass over a broad temperature range, about 260 ° C-1020 * C, and the minor structure in the curve indicates that different components are decomposing in different temperature intervals. The TGA curves of the shocked material display much less structure. Mass loss begins at a higher temperature than for the unshocked material, 650-750 ° C, indicating that the more labile materials were decomposed during shock and release. No attempt was made to determine which components of the matrix were decomposed during the shock. the incident material, and will also be the same as that of the buried volatile component.
Chemical reaction, both in the gas phase and with surficial materials, will change the actual speciation.
It must be stressed that the above conclusion applies strictly only to those volatiles released in an analysis carried out in a N 2 carrier gas, at temperatures up to 1200 ° C.
Analysis under oxidizing or reducing conditions would liberate a different complement of volatiles. For example, graphite is stable (non-volatile) at 1200 °C in N 2 , but would be oxidized to CC>2 (i.e., considered a volatile) in an oxidizing atmosphere. Furthermore, there are strong indications that the degree of impact-induced devolatilization depends on the ambient atmospheric conditions during both the shock experiments [7, 14, 17] and planetary accretion. In the experiments described here, the sample was exposed to air during the shock. Details of these atmospheric dependences are subjects for further investigations.
Figure 2 also shows impact-induced H 2 O loss for crystal-density serpentine [7] and for 20% porous serpentine [9] , which approximate the range of densities of many carbonaceous chondrites [18] . These results bracket the data for Murchison, consistent with the observation that septechlorites are the major H 2 O-bearing phase in Murchison. This also indicates that the results of devolatilization experiments on Mg end-member (1)
where r is the planetary radius, V p is impact velocity, G is the gravitational constant, ~p is the average density of the planet, and u p is the particle velocity. and 58%, respectively, of its present day radius.
These results indicate that the initial volatile distribution will be extremely nonuniform in an accreting planet. In the absence of thermal effects, the net result of accretion as outlined above is a core with the volatile content and elemental composition of the incident material; a volatile depleted mantle will probably form in association with a metallic core, the core will sink into the center of the planet, and the volatiles depleted from the mantle will contribute to a volatile-rich veneer at the planetary surface. The distribution of volatiles between the interior and surface regions depends on planetary radius and mean density. Integrating with respect to mass along the curves in Figure 3 indicates that for the Earth, Venus, Mars, and a Moon-like planet, 99.4, 99.2, 93.2, and Squares represent H 2 O loss; circles, total volatile loss. Solid line is a polynomial fit to the data. Dashed lines are fits to data on impact-induced dehydration of 20% porous serpentine [9] and crystal-density serpentine [7] . 
